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Ternary complex formation of some potent insulin–mimetic zinc(II) complexes of bidentate ligands: maltol and 3-hydroxy-1,2-
dimethyl-pyridinone with (O,O), 2-picolinic acid and 6-methylpicolinic acid with (N,O) and the tridentate 2,6-dipicolinic acid with
(O,N,O) coordination modes was studied in aqueous solutions by pH-potentiometry and spectroscopic (UV, CD, ESI-MS) methods
in the presence of critical cell constituents such as L-glutathione reduced (GSH) and adenosine 50-triphosphate (ATP). Results showed
that formation of the ternary complexes was hindered in the case of 2,6-dipicolinic acid, especially with ATP, while it was favoured with
the bidentate ligands in the physiological pH range. Driving force of the formation of mixed-ligand species was found to be a more
enhanced coordination of GSH and ATP as second ligands in the ternary complexes than in their binary ones due to steric and electro-
static reasons. The mitochondrial dehydrogenase activity of the zinc(II) complexes, as an indirect indicator for the glucose intake, was
measured on Mono Mac and 3T3-L1 adipocyte cell lines. The activity of the complexes up to 10–100 lM concentration was in the
range of the eﬀect of 0.75–1.5 lM insulin, while at higher concentration it was broken down due to the sensitivity of the cells to toxicity
of the complexes.
 2008 Elsevier Inc. All rights reserved.
Keywords: Insulin–mimetic zinc(II) complexes; Solution equilibrium study; Ternary complexes; Glutathione; ATP1. Introduction
After the ﬁrst conﬁrmation of the insulin–mimetic eﬀect
of zinc-chloride in rat diabetes models [1], in the last few
years more and more antidiabetic zinc(II) complexes were
developed and studied both in vitro and in vivo. The eﬃ-
ciency and the absorption of the metal ion can be enhanced
by complex formation, since the potent ligands such as
maltol (mal), 6-methylpicolinic acid (6-Me-pic), allixin,
N-methylthioallixin or diﬀerent dithiocarboxylic acids
etc., form neutral, small sized bis complexes with reason-0162-0134/$ - see front matter  2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.jinorgbio.2008.01.007
* Corresponding author. Address: Department of Inorganic and Ana-
lytical Chemistry, University of Szeged, P.O. Box 440, H-6701 Szeged,
Hungary. Tel.: +36 62 544337; fax: +36 62 420505.
E-mail address: tkiss@chem.u-szeged.hu (T. Kiss).ably high lipophylic character [2–6]. Hopefully, zinc(II)
complexes can be better hypoglycaemic drug candidates
than vanadium ones, due to the low toxicity and higher bio-
availability of this essential metal ion. However, it is impor-
tant to note that the eﬃciency of zinc(II) complexes is lower
than that of oxovanadium(IV) complexes [7].
The eﬀect of the zinc(II) complexes studied on glucose
uptake into the cells is fairly complicated and the mecha-
nism is not completely revealed yet. In vitro studies per-
formed on rat adipocytes showed that the insulin–mimetic
complexes act at diﬀerent sites of insulin signalling, they
activate tyrosine kinase of the insulin receptor, phosphati-
dyl inositol-3 kinase, phosphodiesterase enzymes and
glucose transporters, and they may inhibit the protein tyro-
sine phosphatase [8]. Moreover, there is no information
about the actual chemical form of the zinc(II) complex after
entering the cell. Most probably the original form does not
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zinc(II) binders such as L-glutathione reduced (c-L-glutam-
yl-L-cysteinyl-glycine, GSH) and oxidised (GSSG) or aden-
osine 50-triphosphate (ATP) which can be found in high
concentrations in the cytosol (0.5–20 mM and 2–4 mM,
respectively) [9,10]. The GSH/GSSG pair is involved in
the cellular mobilization and transport processes of zinc(II)
[11–13]. ATP is the main biomolecule responsible for the
energy transfer, hence it is one of the most important met-
abolic substances. Its active form is usually a complex with
magnesium(II), however, as zinc(II) forms somewhat stron-
ger complexes with ATP [14], zinc(II) may also participate
in the enzymatic processes of ATP production [15]. In vitro
studies on the ternary complex formation between potent
insulin–mimetic compounds and relevant critical cell con-
stituents may provide useful information to a better under-
standing of their action. In the case of insulin–mimetic
vanadium complexes of mal ternary complex formation
with GSH and ATP could be detected only at high excess
of these two biomolecules and GSH was found mostly to
participate in the reduction of V(V)–V(IV), while ATP to
complex VO(IV) in various binary and ternary complexes
[10]. Although, ATP is continuously hydrolysed to and then
reformed from adenosine diphosphate (ADP) or adenosine
monophosphate (AMP), these metal ions form complexes
with them with one or two and a half magnitude lower sta-
bility, respectively than ATP [14] does. Hence, ADP and
AMP can not be regarded as eﬃcient competitors of ATP
in these complexation reactions. Moreover, ATP contains
a terminal primary oligophosphate group, which has strong
metal binding ability. Accordingly, it can serve as a model
compound for other metal binder nucleotides and
organophosphates.
In this paper complex formation equilibria of mixed-
ligand complexes between zinc(II), mal, 3-hydroxy-1,2-
dimethyl-pyridinone (dhp), 2-picolinic acid (pic), 6-Me-pic,
2,6-dipicolinic acid (dipic), as ligands A and GSH, ATP as
ligands B, were studied by pH-potentiometry, UV spectro-
photometry, circular dichroism (CD) spectroscopy and
electrospray ionization mass spectrometry (ESI-MS). The
bis complexes of ligands A with the exception of dipic were
tested already in the literature by either in vitro or in vivo
studies and proved to be biologically active [3,5,16–18].
Therefore, in the present work, in vitro biological studies
were performed with the bis dipicolinato-zinc(II) complex
too, and of [Zn(mal)2] and [Zn(pic)2] for comparison on
human Mono Mac and 3T3-L1 adipocyte cells in order
to obtain information about their insulin–mimetic eﬃ-
ciency and cell toxicity.
2. Experimental
2.1. Chemicals
All ligands except dhp were commercially available
products of puriss quality (Aldrich, Sigma or Fluka), while
dhp was prepared as described earlier [19]. Their puritieswere checked and the exact concentrations of the prepared
stock solutions were determined by the Gran method [20].
A ZnCl2 stock solution was made by the solution of anhy-
drous ZnCl2 in known amount of HCl and its concentra-
tion was determined by complexometry via the EDTA
complex and by gravimetrically via the oxinate.
2.2. pH-potentiometric studies
The pH-metric measurements for determining stability
constants of the proton and zinc(II) complexes of the
ligands were carried out at an ionic strength of 0.2 M
KCl and at 25.0 ± 0.1 C. The titrations were performed
with a carbonate-free KOH solution of known concentra-
tions (ca. 0.2 M). An Orion 710A pH-meter equipped with
Metrohm combined electrode (type 6.0234.100) and Metr-
ohm 665 Dosimat burette were used for the pH-metric
measurements. The electrode system was calibrated accord-
ing to Irving et al. [21] and therefore the pH-meter readings
could be converted into hydrogen ion concentration. The
water ionization constant, pKw, is 13.76 ± 0.01 under the
conditions employed. The pH-metric titrations were per-
formed in the pH range 2.0–11.0, or until precipitation
occurred in the samples. Initial volume of the samples
was 10.00 mL. The ligand concentrations varied in the
range 2  103–4  103 M. In the binary systems the
metal ion to ligand ratios were 1:1, 1:2 and 1:4 and in the
ternary systems metal:ligand A:ligand B 1:1:1, 1:2:1,
1:1:2, 1:2:2. The accepted ﬁtting of the titration curves
always was less than 0.01 mL and the uncertainties (3SD
values, which mean the triple values of the standard devia-
tions) in the stability constants are given in parentheses in
the Tables. The samples were in all cases completely deox-
ygenated by bubbling puriﬁed argon for ca. 15 min before
the measurements and argon was also passed across the
solutions during the titrations. Duplicate titrations were
carried out and the reproducibility of titration points
included in the evaluation was within 0.005 pH unit
throughout the pH range. pH-potentiometric results were
utilised to establish the stoichiometry of species and to cal-
culate the stability constants (logb). Calculations were
always made from the experimental titration data received
before the precipitation with the computer program PSE-
QUAD [22].
2.3. Spectroscopic measurements
UV spectrophotometric measurements on systems con-
taining dipic in 1.6  104 M, GSH and mal in 8.0 
105 M concentrations were performed, and the zinc(II)
to dipic ratios were 0:1, 1:2 and zinc(II) to mal to GSH
ratios were 0:1:0, 1:2:0, 0:0:1, 1:0:2, 1:2:2 in the pH range
from 2 to 11. An Unicam Helios Alpha spectrophotometer
was used to record the spectra in the region of 205–450 nm.
Path length was 1 cm. Protonation and stability constants,
and the individual spectra of the species were calculated
by the computer program PSEQUAD [22].
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dichrograph in the wavelength interval from 210 to
350 nm, in an optical cell of 0.20 cm path length (l) at 25
C. The analytical concentration of GSH was 8.0 
104 M and zinc(II) to mal to GSH ratios were 0:0:1,
1:0:2, 1:2:2 and pH was varied between 2 and 11. CD data
are given as the diﬀerences in molar absorptivities between
left and right circularly polarized light, based on the con-
centration of GSH (De = DA/l/cGSH).
Due to the oxygen sensitivity of GSH the samples were
always completely deoxygenated by bubbling nitrogen
through them before the spectroscopic measurements.2.4. ESI-MS measurements
ESI-MS spectra were recorded on an LCQ Deca (Ther-
moFinnigan, San Jose, CA, USA) ion trap instrument
working in positive ion mode. Samples were introduced
into the ESI source by direct infusion via a syringe pump
at a ﬂow rate of 5 lL/min. The capillary temperature as
maintained at 180 C, the spray voltage was ﬁxed at 4 kV
and the sheat gas ﬂow rate was 40 (a.u). These parameters
gave a stable spray during measurements. MSn experiments
on preselected ion species were performed by application of
supplementary rf voltage in the range of 0–5 V with helium
as target gas. The solvent used for sample preparation was
a water/acetonitrile (ACN) 1:1 mixture prepared from
MilliQ grade water and HPLC grade ACN. The concentra-
tions employed were 20 lM and 40 lM for the metal ion
and the zinc(II):A:GSH ratios were 1:2:1, 1:2:2 and in some
cases 1:2:3 and 1:2:4. Measurements were carried out at pH
7. The pH of the solutions were measured with a Metrohm
6.0234.100 combined glass electrode, previously calibrated
in pH 4.01 and pH 7.00 aqueous standard buﬀer solutions.
No corrections were made for the presence of ACN. The
pH of the sample solutions were set to the desired values
by addition of 0.1 M aqueous NH3 and HCl (Fluka
products).2.5. Cell cultures and biological tests
Tests were performed on a Mono Mac human monocyte
and a 3T3-L1 adipocyte cell culture. The cells were main-
tained in GIBCO Advanced RPMI tissue culture medium
or in DMEM in the case of 3T3-L1 adipocyte cells, supple-
mented with 0.63 mg/ml-glutamine, 10NE units of penicillin
(TEVA-Biogal, Hungary) and 0.1 mg/ml of streptomycin
(EGISZ, Hungary) and 5% or 10% (with 3T3-L1 cells) fetal
calf serum (FCS) (GIBCO) at 37 C under a humidiﬁed
atmosphere containing 5% CO2.
In all tests, an insulin group (cells incubated with insulin
instead of the zinc(II) compound) and a control group (nei-
ther insulin nor zinc(II) compound present) were included,
and all tests were carried out with three parallels. The car-
rier ligands (mal, pic and dipic) were dissolved in a stock
solution of zinc(II) chloride (metal to ligand ratio was 1:2;czinc(II) was 0.01 M), NaHCO3, NaCl, KCl (in a concentra-
tion of 0.024 M, 0.137 M, 0.0027 M, respectively)) followed
by sterile ﬁltration. The biological eﬀects of the ligands
alone were tested before [23,24] and were found to be neg-
ligible. The inorganic salts of zinc(II) are biologically active,
e.g. the IC50 value of ZnSO4 is 0.81 ± 0.10 mM, while for
the zinc(II) complexes of mal and pic is 0.59 ± 0.10 mM
and 0.64 ± 0.13 mM, respectively [2,3,18].
For toxicity tests, Mono Mac cells (105 cells/well) were
grown in RPMI, 5% FCS in 96 multi-well plates in the pres-
ence or absence of the zinc(II) complexes for 48 h. The cells
were spinned with 1600 rpm for 5 min. The supernatant
medium was discarded and the cells were washed with phos-
phate buﬀered saline solution (PBS), then resuspended in
300 lL of PBS containing 10 lg/ml propidium iodide (PI).
Cells which become PI(positive) were considered as dead
cells and analyzed by cytoﬂuorimetry (FACSCalibur Beck-
ton and Dickinson) using an excitation wavelength of
485 nm and an emission wavelength of 650 nm. Results
are expressed as the percent increase in the red ﬂuorescence
of treated cells over the ﬂuorescence of control cells (no
treatments), i.e., 100  (PItreatmentPIcontrol)/PIcontrol).
Tests for insulin–mimetic activity were based on the
EZ4U (Biomedica) cell proliferation and cytotoxic assay.
The method is based on the ﬁnding that living cells, absorb-
ing glucose, are capable to reduce slightly yellow or unco-
loured tetrazolium salts into intensely coloured red
formazan derivatives. The reduction requiring functional
mitochondria which are inactivated within few minutes
after cell death. In this assay, 200 lL of cultured cells were
incubated in the presence or absence of the zinc(II) com-
plexes or insulin for 48 h, then 20 lL of EZ4U was added
for the required time (1.5–3 h). Formazan production,
which was linearly related to cell number, was assayed by
measuring optical density (OD) at 492 nm wavelength in
an ELISA microplate autoreader. The EZ4U test measures
only the metabolic activity of mitochondria, which may not
be connected directly with the activity of glucose uptake.
This method was used only as a primary assay for screen-
ing the Zn(II) compounds, although we have demonstrated
the validity of this test by comparing the test results with
those based on the uptake of tritiated glucose [7]. The real
eﬀectiveness of the best compounds for actual glucose
uptake will be tested by [3H] glucose.3. Results and discussion
3.1. Binary complexes
3.1.1. Binary complexes of the carrier ligands
Formulae of the ligands studied in their fully protonated
forms can be found in Scheme 1 and their protonation con-
stants with the stoichiometries and stability constants of
complexes formed with zinc(II) are collected in Table 1.
Complexation processes of mal, dhp, pic and 6-Me-pic
with zinc(II) have already been studied in our laboratory
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Scheme 1. Formulae of the ligands studied in their fully protonated
forms.
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agreement with the literature data measured under identi-
cal conditions within the experimental error. These biden-
tate ligands form [ZnA]+, [ZnA2], [ZnA3]
, [ZnA2H1]

complexes, however, coordination of the third ligand in
the order of pic, 6-Me-pic, mal, dhp becomes less and less
favoured and mixed hydroxo species were detected in the
basic pH range. Mal and dhp coordinate to zinc(II) via
oxygen donors while in the complexes of pic and 6-Me-
pic the pyridine-nitrogen and the carboxylate-oxygen are
coordinated [5].
Protonation constants of dipic were redetermined in the
present work and the dissociation processes were also fol-
lowed by UV spectrophotometric measurements. The cal-
culated values are similar to those reported in the
literature [25] and are in good agreement with the potenti-
ometric data (see Table 1).
Stability constants for zinc(II) complexes of dipic were
not available under our experimental conditions; data
determined in the present work are listed in Table 1. The
concentration distribution curves depicted in Fig. 1 reveal
that [ZnA2]
2 is the predominant complex almost in the
whole pH range studied. Considering the very low value
of logK(ZnA)/logK(ZnA2), binding of the second dipic to[ZnA] is signiﬁcantly favoured. In this bis complex, in con-
trast with the other insulin–mimetic bis complexes, most
probably all the coordination sites are occupied by the tri-
dentate (O,N,O) coordination of two dipic ligands. Triden-
tate coordination mode was proved by X-ray structure in
the case of [ZnA2H2] complex [26] and the coordination
of the carboxylates by IR for Na2[ZnA2] [27]. UV spectra
were recorded also for the zinc(II)–dipic system and stabil-
ity constants calculated from the spectra are collected in
Table 1, these values correspond well to the data obtained
by pH-potentiometry. Individual spectra calculated for
some zinc(II) complexes of dipic show much better resolved
ﬁne structures than in case of the free dipic ligand. (e
[ZnA] = 5.1  103 M1 cm1 (268nm); e [ZnA2]2=1.11 
104 M1 cm1(269 nm); e [ZnAH1]
 = 5.9  103 M1
cm1 (270 nm)).
Conditional stability constants of the bis insulin–
mimetic complexes at physiological pH are shown in the
last row of Table 1, since the stability of these complexes
is more easily comparable at a given pH by these constants.
The stability order reveals that in accordance with the
expectation, introduction of a second carboxylate at a che-
latable position to the pic increased the stability signiﬁ-
cantly in the case of dipic in contrast with the 6-methyl
group.
3.1.2. Binary complexes of GSH
Protonation constants of GSH, as well as stability con-
stants of zinc(II) complexes are listed in Table 1; the speci-
ation model was the same as published earlier under
diﬀerent conditions [28,29]. logK(HB) and logK(H2B)
belong mostly to the overlapping protonation of the
thiolate and amine groups and the two lower constants
to the protonation of the carboxylates. Since zinc(II) is a
borderline metal ion and GSH has eight possible donor
atoms a wide variety of coordination modes may be
assumed in the zinc(II) complexes of GSH. The generally
accepted view is that the thiolate sulphur is always involved
in the coordination together with the terminal Gly residue
at lower pH and with the side chain carboxylate of Glu
with increasing pH [30]. Zinc(II) induced amide deprotona-
tion was suggested above pH 10.5 on the basis of 1H
and 13C NMR measurements, most probably in species
[ZnB2H2]
6 [31]. At physiological pH [ZnB2H]
3 is the
predominant species, in which one GSH is coordinated in
a tridentate way via (S, COO (Glu), NH2(Glu)) donor
set and the other through a monodentate thiolate in its pro-
posed structure [29].
UV and CD spectra were recorded on GSH and zin-
c(II)–GSH system as a function of pH. Titrations of
GSH showed a considerable enhancement in absorbances
above pH 8 where overlapping deprotonation of [H2B]

and [HB]2 takes place, consequently higher molar absorp-
tivities could be determined based on the macroscopic
constants for [HB]2 and mainly for [B]3 compared with
the other protonated species of GSH as individual spectra
show in Fig. 2.
Table 1
Protonation constants (logK) of the ligands studied and stability constants (logb) of their Zn(II) complexes with some stepwise and conditional stability
constants at t = 25 C; I = 0.20 M KCla
malb dhpb picb 6-Me-picb dipicc dipicd GSHe ATPf
logK (HA) 8.44 9.77 5.19 5.81 4.58(0.01) 4.61(0.02) 9.48(0.01) 6.36(0.01)
logK (H2A) 3.67 1 1.2 2.08(0.02) – 8.63(0.01) 3.96(0.02)
logK (H3A) – – – – 1.0 – 3.43(0.02) 1.5
logK (H4A) – – – – – – 2.11(0.02)
logb (ZnAH) 14.48(0.03) 8.84(0.08)
logb (ZnA) 5.57 7.24 5.19 4.02 6.25(0.11) 6.49(0.05) 8.03(0.01) 4.69(0.03)
logb (ZnAH1) – – – – 1.55(0.10) 1.66(0.04) – 3.98(0.05)
logb (ZnAH2) – – – – – – – 13.83(0.15)
logb (ZnA2H2) – – – – – – 28.76(0.03) –
logb (ZnA2H) – – – – 13.85(0.21) – 21.84(0.02) –
logb (ZnA2) 10.29 13.55 9.52 7.98 12.77(0.08) 12.84(0.07) 12.80(0.03) 7.21(0.16)
logb (ZnA2H1) 0.1 2.3 0.7 1.7 1.15(0.21) – 2.54(0.20) –
logb (ZnA2H2) – – – – – – 7.42(0.21) –
logb (ZnA3) 12.71 15.2 13.07 10.30 – – – –
logK (ZnA) 5.57 7.24 5.19 4.02 6.25 6.49 8.03 4.69
logK (ZnA2) 4.72 6.31 4.33 3.96 6.52 6.35 4.77 2.52
logK (ZnA3) 2.42 1.65 3.55 2.32 – – – –
log(K(ZnA)/K(ZnA2)) 0.85 0.93 0.86 0.06 0.27 0.14 3.26 2.17
log(K(ZnA2)/K(ZnA3)) 2.30 4.66 0.78 1.64 – – – –
logb*(ZnA2)
g 8.13 8.86 9.52 7.96 12.77 – – –
a Standard deviations (3  SD) in parenthesis are shown if the values were determined in the present work. ‘‘A” generally marks the completely
deprotonated form of the ligands in this table.
b Ref. [5].
c Fitting parameter: 7.15  103 mL, number of points: 460, pH range: 2–10.
d Determined by UV spectrophotometry, ﬁtting factor: 6.45  103.
e Fitting parameter: 1.47  103 mL, number of points: 399, pH range: 2–10.
f Fitting parameter: 5.48  103 mL, number of points: 325, pH range: 2–10.
g Conditional stability constants at pH 7.4; logb*(ZnA2) = logb (ZnA2)/(aH)
2; aH ¼ 1þ
P
ibHiA½Hþi.
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characteristic band with positive Cotton-eﬀect above pH
8. (De [H2B] = –1.875 M
1 cm1 (210 nm); De [B]3 =
+3.250 M1 cm1 (210 nm)). Changes in the UV and CD
spectra of the ligand were similar in the case of addition
of zinc(II) to GSH, but they started at lower pH parallel
to the formation of metal complexes. Diﬀerences between
absorbances of zinc(II)–GSH system and those of GSH
alone detected by UV measurements at the same pH values
are shown in the inset of Fig. 2. The increase in UV absor-
bance (i.e., at 220 nm) in the presence of zinc(II) above pH7 is considered tentatively as the development of a metal to
ligand charge transfer (MLCT) band in the literature [32].
No doubt about the coordination of thiolate sulphur to
zinc(II) in the metal complexes of GSH [33], but our results
show that changes in the spectra correspond merely to the
metal induced deprotonation of the ligand and not
necessarily to a MLCT band. Additional changes could
be observed by comparison of the UV and CD spectra of
zinc(II)–GSH system with those of GSH alone above pH
9. Namely, absorbances in the UV spectra started to
decrease considerably in the range of 235–260 nm as inset
of Fig. 2 at 250 nm shows. Moreover, an intensive broad
band with negative Cotton-eﬀect developed in the CD spec-
tra due to the formation of [ZnB2H2]
6 complex. (De
[ZnB2H2]
6 = –8.750 M1cm1 (222 nm)). As a conclu-
sion, nothing more can be clearly stated from the spectro-
scopic measurements than the zinc(II) induced amide
coordination seems to result in signiﬁcant changes in the
electron structure and the conformation of the GSH
molecule.3.1.3. Binary complexes of ATP
Protonation constants of ATP listed in Table 1 were
determined in a solution containing 4 mM of ligand and
under this condition the self-association processes are
almost completely negligible [34]. Calculations revealed
constants in good agreement with literature data [35,36].
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slightly overlapping process N-1 nitrogen picks up a pro-
ton. An extra protonation constant due to a phosphate
group could be determined with lower accuracy in the
acidic region. ATP is a molecule which can bind metal ions
at three potential binding sites such as the phosphate donor
groups, the ring nitrogen (N-7) of adenine moiety or the
sugar hydroxo groups. In the case of zinc(II) several mono
complexes with diﬀerent protonation levels could be
detected with the formation of [ZnB2]
6 bis complex in
the studied pH range. An isomeric equilibrium due to the
two possible protonation sites (N-1 and c-phosphate
group) in [ZnBH] complex with relevant intramolecular
equilibria have been already considered in details in the lit-
erature [35]. Sigel and co-workers also showed that besides
the predominant binding of phosphate oxygens to zinc(II),
the participation of N-7 adenine residue in the coordina-
tion resulting in the formation of inner and outer sphere
macrochelates is also signiﬁcant in the complex [ZnB]2
[35]. At higher pH values most probably formation of
mixed-hydroxo species ([ZnBH1]
3 and [ZnBH2]
4)
takes place. In addition, the relatively high positive value
of logK(ZnB)–logK(ZnB2) shows an unfavourable coordi-
nation of a second ATP molecule to the [ZnB]2 core. In
the bis complex most probably the phosphate donors bind
to zinc(II).
3.2. Ternary complexes
None of the ligands studied is able to saturate the coor-
dination sphere of zinc(II) by the binding of only a single
molecule what makes formation of the ternary complexes
possible. Accordingly, mixed-ligand complexes with vari-
ous compositions were detected in the zinc(II)–carrier
ligand (mal, dhp, pic, 6-Me-pic, dipic)–GSH and zinc(II)–
carrier ligand–ATP systems. The equilibrium models
together with the calculated stability constants are col-
lected in Table 2.As Table 2 shows 1:1:1 and 1:2:1 zinc(II):carrier
ligand:GSH (or ATP) complexes are formed in almost
all systems, however, no tris ternary complexes could be
determined for the tridentate dipic in accordance with
the expectations. However, in the case of ATP the forma-
tion of [ZnABH] complexes could be calculated only with
high inaccuracy. It is also important to note that no ter-
nary complex formation was found in the zinc(II)–dipic–
ATP system under our conditions. A comparison of the
stepwise equilibrium constants for the deprotonation pro-
cesses of the ternary complexes listed in Table 3 with those
of the parent complexes and protonation constants of the
free ligands, it can be concluded that assuming monoden-
tate thiolate coordination of GSH as in the binary bis
complex [ZnB2H], the proton can be assigned most prob-
ably to the amino group of GSH in the ternary complexes
[ZnABH] and [ZnA2BH]. The pK(ZnABH) and pK
(ZnA2BH) values are much lower than the ﬁrst proton-
ation constant of GSH. Accordingly, these deprotonations
are probably accompanied by a structural rearrangement
to (S,NH2(Glu)) coordination mode of GSH in com-
plexes [ZnAB] and [ZnA2B]. The coordination of thiolate
sulphur accompanied by the binding of the terminal amino
nitrogen in the ternary complexes, as shown in Scheme 2,
was conﬁrmed by ESI-MS measurements (see Section 3.3).
Literature data suggest pentacoordinate zinc(II) in these
complexes [37,38]. Due to the high pK(ZnA2BH) value
in the case of dhp, its [ZnA2B] complex seems to be an
exception, a mixed hydroxo species with protonated amino
group of GSH is suggested and [ZnA2BH(OH)] is the
more probable formula. According to the limitation of
pH-potentiometry we can not distinguish between the
two binding modes, but formation of the latter species in
the basic pH range, where mixed hydroxo species are pre-
dominant in the binary system, conﬁrms this assumption.
Deprotonation of a coordinated water molecule in [ZnAB]
complexes of both GSH and ATP ligands occurs with pK
10.
Table 2
Models and overall stability constants (logb) for the mixed-ligand complexes formed in the Zn(II) – carrier ligand (A)–GSH (B)/ATP (B) ternary systems
(t = 25 C; I = 0.20 M KCl)
mal dhp pic 6-Me-pic dipic
B = GSH
[ZnABH] 19.57(0.08) 21.50(0.07) 19.31(0.17) 18.45(0.29) 21.24(0.14)
[ZnAB] 12.11(0.05) 13.34(0.15) 11.94(0.16) 11.63(0.08) 13.24(0.08)
[ZnABH1] 2.05(0.07) 2.92(0.18) 2.40(0.08) 1.79(0.12) –
[ZnA2BH] 23.74(0.05) 26.70(0.08) 22.79(0.36) 22.31(0.08) –
[ZnA2B] – 16.77(0.14) 14.98(0.15) – –
Fitting (mL) 2.94  103 4.35  103 4.92  103 6.08  103 7.15  103
No. of points 582 617 532 572 460
pH range 2–10 2–10.8 2–10 2–10 2–10.7
B = ATP
[ZnAB] 9.31(0.03) 11.15(0.03) 9.41(0.06) 8.14(0.03) –
[ZnABH1] 0.62(0.09) 1.15(0.11) – – –
[ZnA2B] – 15.35(0.22) – – –
Fitting (mL) 2.25  103 3.13  103 7.18  103 2.05  103 –
No. of points 421 467 295 322 379
pH range 2–9 2–10.5 2–9 2–8 2–10
Table 3
Some stepwise, conditional and derived stability constants for the mixed-
ligand complexes formed in the Zn(II) – carrier ligand (A)–GSH (B)/ATP
(B) systems and summed molar fractions calculated for the ternary
complexes and parent complexes of carrier ligands formed at pH 7.40
mal dhp pic 6-Me-pic dipic
B = GSH
pK (ZnABH) 7.46 8.16 7.37 6.82 8.00
pK (ZnAB) 10.06 10.42 9.54 9.84 –
pK (ZnA2BH) – 9.93 7.81 – –
logK (ZnA + BH)a 14.00 14.26 14.12 14.43 14.99
logK (ZnA2 + BH)
a 13.45 13.15 13.27 14.33 –
logK (ZnA + B)b 6.54 6.10 6.75 7.61 6.99
logK (ZnB + A)c 4.08 5.31 3.91 3.60 5.21
logb* (ZnABH)d 17.24 17.90 18.05 17.18 19.98
logb* (ZnAB)d 7.70 7.66 8.60 8.28 9.90
logb* (ZnA2BH)
d 20.33 20.76 21.53 21.03 –
R[ZnAB]e 0.47 0.57 0.36 0.73 0.11
R[ZnA]e 0.25 0.25 0.46 0.07 0.88
B = ATP
pK (ZnAB) 9.93 10.00 – – –
logK (ZnA + B)f 3.74 3.91 4.22 4.12 –
logK (ZnB + A)c 4.62 6.46 4.72 3.45 –
logb* (ZnAB)d 8.19 8.77 9.37 8.09 –
R[Zn–A–B]e 0.49 0.60 0.48 0.48 –
R[Zn–A]e 0.36 0.32 0.52 0.29 –
a logK (ZnBH + BH) = 14.28; logK (ZnB + BH) = 13.81.
b logK (ZnB + B) = 4.77.
c logK (ZnA + A) = 4.72 (mal); 6.31 (dhp); 4.33 (pic); 3.96 (6-Me-pic);
6.52 (dipic).
d Conditional stability constants at pH 7.4.
e Summed molar fractions at pH 7.4; 1:2:2 Zn(II): ligand A: ligand B
ratio, cZn(II) = 2 mM.
f logK (ZnB + B) = 2.52.
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and [ZnA2(GSH)H] of the bidentate ligands A.
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GSH related to the coordination of [BH]2 to [ZnA] or
[ZnA2] cores show similarity to the binding of [BH]
2 in
the bis parent complexes of GSH, suggest a similar coordi-
nation mode of [BH]2, namely the monodentate thiolatebinding of the ligand. A proposed structure for [ZnA2BH]
in the case of bidentate ligands A can be seen in Scheme 2.
The derived constants for the process [ZnA] + B 
[ZnAB] are always much higher than the related constant
for the equilibrium [ZnB]+B  [ZnB2]. The stronger bind-
ing of GSH in the ternary complex can be interpreted in the
diﬀerent (S, NH2(Glu)) coordination as compared with
the monodentate (S) coordination of the second GSH
molecule in the bis parent complex, what makes formation
of the mixed-ligand complexes more favoured. Similarly, a
favoured ternary complex formation can be observed with
ATP considering the logK (ZnA + B) values (see row 16 in
Table 3), which are higher by at least one logK unit than
the corresponding logK (ZnB + B) in all cases. The stron-
ger binding of ATP molecule to a [ZnA] core compared to
[ZnB] can be interpreted by sterically and electrostatically
more favoured coordination of the ligand in the ternary
species. Since the logK (ZnB + A) values (see row 18 in
Table 3) are always similar or even smaller than the rele-
vant logK(ZnA + A) constants, it can be concluded that
the favourable binding of ligands B to zinc(II) in the
mixed-ligand complexes as compared to the binary com-
plexes is the driving force of their formation.
The stability constants of the ternary complexes studied
can not be compared directly, due to the diﬀerent proton-
ation processes of the carrier ligands, therefore the pH
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Fig. 3. Summed concentration distribution curves for complexes formed
in the Zn(II)–6-Me-pic–GSH (a) Zn(II)–dipic–GSH (b) and Zn(II)–6-Me-
pic–ATP (c) systems at 1:2:2 ratio, cZn(II) = 2 mM.
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mixed-ligand complexes [ZnABH] and [ZnAB] for physio-
logical pH were calculated and they are listed in Table 3
(see the log logb* values in Table 3). As in the case of
the parent complexes of the carrier ligands an almost sim-
ilar tendency in the stability order can be found with the
ternary complexes showing the outstandingly favoured for-
mation of the dipic complex. The conditional stability con-
stant of pic also exceed those of 6-Me-pic, dhp and mal.
Furthermore, the values suggest similar coordination
modes of ligands A in both the parent and the mixed-
ligand complexes.
As an illustration, the extent of formation of the mixed-
ligand complexes and the parent complexes are compared
in the summed concentration distribution curves (the sums
of the zinc(II) fractions bound in the binary complexes with
ligand A or B and those bound in the ternary complexes
with ligands A and B as a function of pH) in Fig. 3 for
the ternary systems of 6-Me-pic and dipic in the case of
GSH and for 6-Me-pic with ATP. The speciation curves
demonstrate that mixed-ligand complexes are present in
high proportion at physiological pH in the case of 6-Me-
pic systems, while dipic forms ternary species with GSH
only in the more basic pH range. On the other hand, the
lack of ternary complex formation with ATP in the mea-
sured pH range also demonstrates the importance of the
strong zinc(II)–thiolate binding of GSH which can better
compete with the donor atoms of dipic for coordination
to zinc(II).
The summed molar ratios of species formed with ligands
A (R[Zn–A]) and those of ternary complexes (R[Zn–A–B])
were calculated and listed in Table 3 (rows 13,14,20 and 21)
at physiological pH for all insulin–mimetic complexes stud-
ied in the present work. Data show an enhanced ternary
complex formation with all ligands. The tridentate dipic,
and among the bidentate carrier ligands pic are able to
remain mostly in the original form of the insulin–mimetic
complex.
In the case of zinc(II)–mal–GSH system UV and CD
measurements were performed as a function of pH in order
to study the extent of ternary complex formation. Since
both mal and GSH ligands absorb at wavelength lower
than 270 nm, UV spectra were analysed in the range of
270–370 nm, where exclusively mal and zinc(II) complexes
of mal do. (e [HA] = 8600 M1cm1 (274 nm); e [A] =
7508 M1 cm1 (320 nm); e [ZnA]+ = 9104 M1cm1
(312 nm); e [ZnA2] = 12,770 M
1cm1 (308 nm)) values
were determined from independent measurements of the
ligand and the Zn(II)–mal binary systems.) These spectro-
scopic measurements provide only indirect evidences for
ternary complex formation. Namely, the tendency of
changes in UV absorbances as a function of pH in the ter-
nary system corresponds to the expectations based on the
concentration distribution of mal as compared to the zin-
c(II)–mal system. However, CD spectra of the ternary
system show measurable diﬀerences from those of zin-
c(II)–GSH above pH 9 in the range of development ofthe characteristic band with negative Cotton-eﬀect due to
complex [ZnB2H2]
6 (see Section 3.1.2), since its forma-
tion is suppressed by the formation of the mixed-ligand
complexes.3.3. ESI-MS characteristics of the binary and ternary
systems
ESI-MS measurements were also carried out to conﬁrm
the formation of mixed-ligand complexes with GSH. ESI-
MS is increasingly used to study ternary systems because
the interpretation of spectra is relatively easy [39], although
Table 4
Signals identiﬁed in the ESI-MS spectra of solutions containing Zn(II),
carrier ligand (A) and GSH (B) and the corresponding species found by
potentiometry
System
Zn(II)–
A–B
Peaks
(m/z)
Relative
abundance
(%)
Stoichiometries Corresponding
species found by
potentiometry
A = mal 127 39 [H2A]
+ [HA], [A]
B = GSH 207 31 [ZnA  H2O]+ [ZnA]+
230 42 [ZnA  ACN]+
308 100 [H4B]
+ [H2B], [HB]
2
330 25 [NaH3B]
+
315 35 [ZnA2H]
+ [ZnA2]
370 17 [ZnBH2]
+ [ZnB]
496 16 [ZnABH3]
+ [ZnAB]2
A = dhp 140 100 [H2A]
+ [HA]
B = GSH 243 8 [ZnA  ACN]+ [ZnA]+
308 25 [H4B]
+ [H2B]
, [HB]2
341 16 [ZnA2H]
+ [ZnA2]
370 10 [ZnBH2]
+ [ZnB]
509 12 [ZnABH3]
+ [ZnABH]
A = pic 124 15 [H2A]
+ [A]
B = GSH 227 19 [ZnA  ACN]+ [ZnA]+
308 100 [H4B]
+ [H2B]
, [HB]2
330 13 [NaH3B]
+
309 68 [ZnA2H]
+ [ZnA2]
370 9 [ZnBH2]
+ [ZnB]
493 10 [ZnABH3]
+ [ZnAB]2
A = 6-Me-pic 138 52 [H2A]
+ [HA], [A]
B = GSH 218 11 [ZnA  H2O]+ [ZnA]+
241 5 [ZnA  ACN]+
308 100 [H4B]
+ [H2B]
, [HB]2
330 56 [NaH3B]
+
337 34 [ZnA2H]
+ [ZnA2]
370 25 [ZnBH2]
+ [ZnB]
507 15 [ZnABH3]
+ [ZnAB]2
A = dipic 308 100 [H4B]
+ [H2B]
, [HB]2
B = GSH 330 38 [NaH3B]
+
397 27 [ZnA2H3]
+ [ZnA2]
2
537 8 [ZnABH4]
+ [ZnAB]3
Molecular masses of the neutral ligand molecules: 126 for mal, 139 for
dhp, 123 for pic, 137 for 6-Me-pic, 139 for dipic and 307 for GSH.
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taken into account: (i) ESI-MS gives only a qualitative pic-
ture of the system studied, (ii) only the metal–ligand stoi-
chiometries could be determined, the original proton
content of the complexes in solution can not be evaluated,
because proton transfer reactions are activated by the ESI
method and furthermore the formation of single charged
species is highly favoured in these conditions.
The best spectra for the solutions containing zinc(II),
the carrier ligand (A) and GSH (B) were obtained in posi-
tive ion mode. Identiﬁcation of the detected ions was done
on the basis of m/z ratios, isotopic pattern and MSn exper-
iments. The main signals detected at pH 7 are reported in
Table 4 together with the corresponding species (at the
same metal-ligand ratios) found by potentiometry.
The base peak (100%) in most of the spectra is that of
the fully protonated GSH ([GSH + H]+) at m/z 308. The
sodium adduct of GSH [GSH + Na]+ at m/z 330 and in
the binary GSH system the proton bound cluster
[(GSH)2 + H]
+ at m/z 615 could also be detected. The car-
rier ligand molecule A is detected as [H2A]
+
, except dipic,
where the signal of the free ligand is missing from the spec-
trum. This could be a consequence of the diﬀerent charge
of the species in solution: dipic is double negatively
charged at pH 7 with respect to the other ligands which
are simply charged or neutral. Thus, to be detectable in
positive ion mode, dipic should take up three protons,
which is not favoured at neutral pH since the two carbox-
ylic groups of dipic have very low basicity (see Table 1).
The signals of the zinc(II) complexes were assigned on
the basis of m/z ratios and isotopic pattern. The peak at
m/z 370 was attributed to the binary 1:1 complex of
GSH, [ZnBH2]
+, which corresponds to the species [ZnB]
found potentiometrically. For the binary complexes
formed with the carrier ligands 1:1 and 1:2 metal–ligand
stoichiometries were observed, in agreement with potentio-
metric data. The 1:1 species were detected as solvent
adducts giving rise to a series of signals depending on the
nature of the attached solvent molecules (water or ACN).
The binary complexes have been studied and characterised
in detail in separate papers [5, A. Lakatos, R. Seraglia, P.
Traldi, T. Kiss, manuscript in preparation]. Formation of
solvent adducts was observed also in the case of oxovana-
dium(IV) complexes of the same ligand molecules [A.
Lakatos, R. Seraglia, P. Traldi, T. Kiss, manuscript in
preparation]. Besides the peaks of binary complexes a sig-
nal assigned to the ternary complex of 1:1:1 metal – carrier
ligand – GSH stoichiometry was detected as [ZnABH3]
+
for mal, dhp, pic and 6-Me-pic and as [ZnABH4]
+ for
dipic, at m/z values listed in Table 4. A typical mass spectra
for the zinc(II)–mal–GSH system is depicted in Fig. 4. The
insets of this ﬁgure show that the measured isotopic distri-
bution pattern of the ternary complex [ZnABH3]
+ at m/z
496 (inset A) corresponds well with that calculated one
for the same composition [C16H22N3O9SZn]
+ (inset B).
This proves unambiguously the formation of the ternary
complexes.Detailed characterization of these ternary complexes has
been made by collisionally induced fragmentation experi-
ments (MSn). In the case of mal, pic, 6-Me-pic and dipic
fragmentation of the ternary complex results in the appear-
ance of a signal at m/z 370 which was attributed to the zin-
c(II) complex [ZnBH2]
+. This is consistent with the loss of
a neutral carrier ligand molecule (mal, pic, 6-Me-pic and
dipic), expulsion of 126, 123, 137 and 307 Da, respectively.
Fragmentation of the [ZnABH3]
+ complex of dhp at m/z
509 is slightly diﬀerent: it gives two fragments at m/z 491
and 370, the ﬁrst one being more abundant. The ionic spe-
cies at m/z 491 is due to the loss of a water molecule formed
from one of the coordinated oxygens of the fragmented
dhp, whereas the fragment at m/z 370 is again the result
of the expulsion of the carrier ligand (139 Da). These
results indicate that zinc(II) is more strongly bound to
GSH than to the carrier ligands under ESI conditions.
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Fig. 4. ESI-MS spectra recorded in the Zn(II)–mal–GSH system at 1:2:2 ratio and pH 7. Inset: (A) zoom scan spectrum of the peak at m/z 496 attributed
to the ternary complex [ZnABH3]
+ and (B) calculated isotopic distribution pattern for the composition [C16H22N3O9SZn]
+.
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Scheme 3. Characteristic fragments of GSH detected during MSn
experiments.
1482 E´.A. Enyedy et al. / Journal of Inorganic Biochemistry 102 (2008) 1473–1485Breakdown curves (relative intensities of the precursor ion
and its fragments vs. rf voltages applied in the collision
experiment) of the complexes [ZnABH3]
+ (data not shown)
reveal that the crossing point between the decreasing abun-
dance of the precursor ion [ZnABH3]
+ and the increasing
abundance of the fragment ion [ZnBH2]
+ is at 0.783V for
mal, 0.911 for pic, 0.948 for 6-Me-pic and at 0.994 for
dipic. This indicates that disruption of the bonds formed
through the coordination of oxygen donor groups is more
favoured energetically, than disruption of the bonds
involving nitrogen, which means a stronger coordination
of the latter, in accordance with the nitrophilic nature of
zinc(II). It seems that there is a correlation between the
energy necessary for the cleavage of bonds between ligand
A and zinc(II) and the conditional stability constants of the
ternary complexes in solution (see Table 3), i.e. the higher
the rf. voltage corresponding to the crossing point where
the concentration of the precursor ion is equal to the con-
centration of the fragment, the higher the stability constant
of the ternary complexes.
Fragmentation of the zinc(II)–GSH complex [ZnBH2]
+
at m/z 370 (either as the original species present in the spec-
tra or as the fragment ion of the ternary complexes) occurs
with loss of a glycine molecule aﬀording an ionic species at
m/z 295. This represents the main fragmentation pathway
of the precursor ion. Other decompositions take place with
the loss of a water molecule most probably from the car-
boxylic group of glycine and with the expulsion of a neutral
molecule with mass of 103 Da – a formamide derivative of
glycine (see Scheme 3) – leading to the formation of the
ionic species at m/z 267. The main fragment at m/z 295loses a CO molecule from the cysteinyl moiety in the
MS3 experiment with the formation of the species at m/z
267. This fragment decomposes in the next step by expul-
sion of a water molecule from the carboxylic group of glu-
tamic acid moiety resulting in the ionic species at m/z 249.
In the next fragmentation step this ion gives the ion at m/z
221 consistent with the loss of a CO molecule from the side-
chain carboxylic group. Since the neutral fragments lost do
not contain sulphur and the zinc(II) remains in the posi-
tively charged ionic forms the thiolate group is most prob-
able remains coordinated to zinc(II).
For a comparison of the fragmentation of the zinc(II)-
bound and free GSH the fragmentation of [H4B]
+ ion at
m/z 308 was also carried out. Three fragment ions were
observed in the MS2 experiments at m/z 179, 233 and
162. The assignment of these fragments and neutral losses
has been made on the basis of literature data [40]. The most
abundant fragment ion is that leading the signal at m/z 179
which is formed through the neutral loss of a glutamic acid
residue with a mass of 129 Da (Scheme 3). The appearance
of the fragment ion at m/z 233 is consistent with the loss of
E´.Anna Enyedy et al. / Journal of Inorganic Biochemistry 102 (2008) 1473–1485 1483a glycine, whereas the fragment at m/z 162 is the result of
the expulsion of glutamine (Scheme 3). Further decomposi-
tion of the main fragment at m/z 179 occurs with consecu-
tive losses of one ammonia from the amino group of the
cysteinyl moiety, one molecule of water, CO and methani-
mine (H2C@NH) from the glycinyl moiety, leading ﬁnally
to the ionic species at m/z 88 with the formulae
C3H4O3S. These experiments show that fragmentation of
GSH starts parallel at both ends of the molecule (Glu
and Gly), while in the zinc(II) complex of GSH only the
carboxylic end (Gly) is aﬀected. This may suggest that
the glutamate residue is ‘‘ﬁxed” in the zinc(II)–GSH com-
plex [ZnBH2]
+ most probably due to the coordination of
the terminal amino group in accordance with the binding
mode in [ZnAB] complexes suggested by the pH-potentio-
metric data.0.2
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a3.4. Biological activity of the zinc(II) complexes
In order to assess the potential applicability of these
compounds to decrease cell glucose level toxicity and
EZ4U tests were carried out.
Toxicity tests were performed on Mono Mac human
cells by incubation with solutions of the zinc(II) complexes
for 48 h at diﬀerent concentrations: 1, 10, 100 and
1000 lM. Incubation was followed by the addition of PI
solution. In this dye exclusion assay live and dead cells
can be diﬀerentiated with the use of PI dye. By the losing
of membrane integrity the dye penetrates the dead cells
and emits a red ﬂuorescence after binding to cellular
DNA or double stranded RNA. Results are represented
in Fig. 5. Solid base line shows the toxicity measured for
the buﬀer solution at 0 lM concentration of zinc(II). At
zinc(II) concentration below 100 lM complexes were prac-
tically non-toxic. A slight increase in toxicity could be mea-
sured with increasing concentration of the pic and dipic
complexes and only the zinc(II)–maltol solution showed
considerable toxic eﬀect at the highest, 1000 lM, concen-
tration. When the results of the toxicity tests are compared
with those of the corresponding vanadium compounds [7],0
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Fig. 5. In vitro IP toxicity assay of zinc(II) complexes at diﬀerent
concentrations (c = 1, 10, 100, 1000 lM) in the case of mal (white bars),
pic (grey bars), dipic (stripe bars) and buﬀer (black bar) on Mono Mac cell
lines.it becomes clear that in accordance with the expectations
the zinc(II) complexes are considerably less toxic.
The insulin–mimetic potency of metal complexes is usu-
ally expressed in terms of their blood glucose level lowering
ability, but information about the eﬀect of the complexes in
simpliﬁed manners can also be measured on cells in vitro.
In the present study the glucose intake was assessed by a
test based on an EZ4U assay. This assay depends on the
production of formazan derivatives, which requires func-
tional mitochondria. There might be a relationship between
the mitochondrial dehydrogenase activity and the extent of
glucose intake into the cells, and hence the eﬀect of the zin-
c(II) complexes studied can be compared to that of insulin
[7]. Results show a minimal increase in the metabolic activ-
ity in the case of pic and dipic up to 10 lM concentration,
while mal seems to be almost ineﬀective on Mono Mac cells
in the studied concentration range as it can be seen in
Fig. 6a. With elevating the zinc(II) complex concentration
higher than 100 lM the vitality of the cells tends to show a
deﬁnite loss with pic and especially with mal, most proba-
bly due to the higher toxicity of these complexes at higher
concentrations (see Fig. 5). On the contrary, dipic shows an
increased mitochondrial dehydrogenase activity with
increasing concentration, thanks to its less toxic eﬀect on
the studied Mono Mac cell line. In accordance with these0.2
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Fig. 6. In vitro EZ4U assay on Mono Mac (a) and on 3T3-L1 adipocyte
(b) cell lines related on the glucose intake in the presence of zinc(II)
complexes at diﬀerent concentrations (mal: white bars, pic: grey bars,
dipic: stripe bars) and for insulin at 0.75 (dashed grey line) and 1.5 lM
concentrations (solid grey line) and for the control (solid black line).
Σ[Zn-GSH]
Σ[Zn-ATP]
Σ[Zn-A-GSH]
Σ[Zn-A-ATP] Σ[Zn-A]Zn(II)
Fig. 7. Summed concentration distribution diagram for complexes formed
in a Zn(II)–6-Me-pic–GSH–ATP hypothetic systems at physiological pH,
cZn(II) = 0.10 mM, c6-Me-pic = 0.2 mM, cGSH = 1 mM, cATP = 1 mM.
1484 E´.A. Enyedy et al. / Journal of Inorganic Biochemistry 102 (2008) 1473–1485results Sakurai et al. found similar insulin-like activity of
the zinc(II) complexes of mal and pic based on the
in vitro measurements of the inhibition of the free fatty
acids release on isolated rat adipocytes (IC50 values)
[3,16,18]. The insulin-like eﬀect was tested on 3T3-L1 adi-
pocyte cells too, at 10 lM complex concentration (see
Fig. 6b). Zinc(II)-picolinato and zinc(II)-dipicolinato
showed similar increased metabolic activity, but zinc(II)-
maltolato somewhat lower activity as compared to the
control. This cell line, however, was less sensitive to the
biological assay and thus the results are less reliable.
Although these test results do not relate directly to an
increased glucose uptake of the cells, the agreement with
the results of the free fatty acid release test of Sakurai
may suggest that the test can be used as a draft assessment
in such studies before direct glucose uptake measurements
by radiolabelled 3H-glucose.
4. Conclusions
Several bidentate (O,O) and (O,N) donor ligands were
found to form relatively high stability coordinatively unsat-
urated neutral bis complexes with zinc(II), at the same time
dipicolinate, this tridentate pic derivative forms a coordin-
atively saturated exceptionally stable charged bis complex
with this metal ion. Biological studies showed that the
eﬀect of the studied zinc(II) complexes at 1–10 lM concen-
trations on the mitochondrial dehydrogenase activity, as an
indirect assessment of glucose intake, falls into the range of
the action of 0.75–1.5 lM insulin, but no signiﬁcant diﬀer-
ences could be measured between the studied zinc(II) com-
plexes on Mono Mac cell line, whereas pic and mal
represent somewhat ascendant metabolic activity upon
increasing complex concentrations (especially at 1 mM).
Most probably the weakened eﬀect is due to the sensitivity
of these cells to the toxicity of the complexes of mal and
pic.
The amount of zinc(II) bound by the high molecular
mass proteins (like metallothionein and zinc(II) speciﬁc
chaperons) of the cell are less mobile, while the zinc(II)
bound to the low molecular mass binders, which are much
more mobile, are more easily exchangeable. Accordingly,
speciation of this fraction is especially important. When
studying the interactions of the zinc(II) complexes with
GSH and ATP, the critical high concentration low molec-
ular mass zinc(II) binder constituents of cytosol, enhanced
ternary complex formation was found in the physiological
pH range with all binary zinc(II) carrier complexes. At the
same time that was hindered with the tridentate dipicoli-
nate and occurred only in the basic pH range. Due to the
presence of the same binding oligophosphate moiety simi-
larly favoured ternary complex formation can be expected
with other nucleotides and most of the organophosphates.
The stability constants calculated for the ternary com-
plexes of GSH and ATP formed with ligands A studied
may allow us a rough estimation of the fate of the insu-
lin–mimetic complex when (if any) reaches the cytosol. Itis very likely however, that distribution of zinc(II), GSH,
ATP and the carrier ligand is also under kinetic control.
Unfortunately, there is no data available related to the
enhanced zinc(II) concentration in the cell followed by
the administration of the insulin–mimetic complex and to
the local concentration of GSH and ATP. Considering
the IC50 values of the insulin–mimetic complexes
[3,16,18], which represent the concentrations where the
inhibition of the free fatty acid release stimulated by epi-
nephrine in adipocytes is 50%, which fall into the millimo-
lar range and the concentration of the cell constituents in
question in the cytosol is up to 20 mM [9,10], As an illus-
tration of the extent of ternary complex formation, specia-
tion curves were calculated in the case of 6-Me-pic at
physiological pH at diﬀerent concentrations of GSH or
ATP and found that formation of the ternary complexes
are signiﬁcant in the 0.01–10 mM concentration range with
both GSH and ATP. When the eﬀects of both cellular com-
ponents are considered together the more pronounced role
of GSH in zinc(II) binding is revealed; ca. 65% of the metal
ion is bound in binary or ternary complexes of GSH and
only the rest to the nucleotide (see Fig. 7).
Furthermore, the turnover of ATP is very high in com-
parison to GSH. Accordingly, in the cell, ternary com-
plexes may occur as new species with GSH. At the same
time, ternary complex formations with ATP may be con-
sidered only as ways of their interference into the biological
eﬀects of the nucleotide.
No direct relationship between the biological results
(neither the EZ4U test nor the IC50 values reported by
Sakurai et al. [3,16,18]) and the extent of ternary complex
formation with these important cell constituents was
found. As was discussed in the Introduction the biological
eﬀect of Zn(II) is assumed to be connected with its interfer-
ence with numerous phosphorylation/dephosphorylation
steps of the glucose metabolic reaction cascade. Accord-
ingly, a relationship between the biological activity and
the extent of ternary complex formation of the Zn(II) com-
plex with ATP was expected. In this behaviour there is a
big diﬀerence between the tridentate dipicolinate and the
E´.Anna Enyedy et al. / Journal of Inorganic Biochemistry 102 (2008) 1473–1485 1485rest of the bidentate ligands. However, as shown in Fig. 6,
the diﬀerence between the biological eﬀects of the various
zinc(II) complexes studied is small similarly to the IC50 val-
ues (see Experimental), which does not allow a search for
reliable correspondence with the thermodynamic equilib-
rium. It seems probable that other factors such as mem-
brane transport properties of the antidiabetic zinc(II)
complexes or the time course of their reactions can also
aﬀect the biological activity more signiﬁcantly.
5. Abbreviations
6-Me-pic 6-methylpicolinic acid
ACN acetonitrile
ADP adenosine 50-diphosphate
AMP adenosine 50-monophosphate
ATP adenosine 50-triphosphate
CD circular dichroism
dhp 3-hydroxy-1,2-dimethyl-pyridinone
dipic 2,6-dipicolinic acid
ESI-MS electrospray ionization mass spectrometry
FCS fetal calf serum
GSH c-L-glutamyl-L-cysteinyl-glycine, L-glutathione re-
duced
GSSG oxidised L-glutathione
l path length
mal maltol
MLCT metal to ligand charge transfer
PBS phosphate buﬀered saline solution
PI propidium iodide
pic 2-picolinic acid
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